Electron crystallography is an important method for determining the structure of membrane proteins. In this paper, we show the impact of a carbon sandwich preparation on the preservation of crystalline sample quality, using characteristic examples of two-dimensional (2D) crystals from gastric H + ,K + -ATPase and their analyzed images. Compared with the ordinary single carbon support film preparation, the carbon sandwich preparation dramatically enhanced the resolution of images from flat sheet 2D crystals. As water evaporation is restricted in the carbon-sandwiched specimen, the improvement could be due to the strong protective effect of the retained water against drastic changes in the environment surrounding the specimen, such as dehydration and increased salt concentrations. This protective effect by the carbon sandwich technique helped to maintain the inherent and therefore best crystal conditions for analysis. Together with its strong compensation effect for the image shift due to beam-induced specimen charging, the carbon sandwich technique is a powerful method for preserving crystals of membrane proteins with larger hydrophilic regions, such as H + ,K + -ATPase, and thus constitutes an efficient and high-quality method for collecting data for the structural analysis of these types of membrane proteins by electron crystallography.
Introduction
Since the first report of the three-dimensional (3D) structure of the membrane protein bacteriorhodopsin [1], electron crystallography of two-dimensional (2D) crystals has become a valuable approach for determining the structure of membrane proteins [2] . The ability to obtain structural information from 2D-ordered arrays makes this approach particularly useful for studies of membrane proteins in the lipid bilayer. Like X-ray crystallography, electron diffraction at high resolution obtained directly from sufficiently large and well-ordered 2D crystals allows the construction of an atomic model [3, 4] . For phasing of the diffraction data, and especially for the structural determination of small or disordered 2D crystals, however, extraction of structural information from electron micrographs is a key requirement [2] [3] [4] [5] [6] .
In addition to the quality of 2D crystals themselves, several factors in sample preparation and data collection, such as lack of specimen flatness, radiation damage, dehydration and image shift due to beam-induced specimen charging, can contribute to degradation of image quality, and thus limit image resolution and efficient data collection [2, 7, 8] . Accordingly, numerous efforts have been made to improve and overcome these factors. To maintain 2D crystals in the hydrated state, methods for sugar embedding [1] and vitrified ice embedding [9] have been introduced. Trehalose is a sugar best known in specimen preparation for its use as an embedding medium for 2D crystals [2, 10, 11] . Owing to its high ability to preserve crystals in a vitrified specimen, trehalose-embedding has been applied to many successful structural analyses of proteins such as bacteriorhodopsin [12] and aquaporins [13] [14] [15] . In contrast to these examples, however, 2D crystals of membrane proteins with large hydrophilic portions are much more susceptible to specimen dehydration and also to changes in salt concentrations, and even trehaloseembedding is insufficient to preserve their crystal quality.
The carbon sandwich technique was developed by Koning et al. [16] to improve specimen flatness, with some modifications introduced later by Gyobu et al. [17] . In the carbon sandwich preparation, a solution containing 2D crystals is placed on a molybdenum grid that is sandwiched between two sheets of symmetric carbon films, and excess liquid is blotted away from the side of the grid with filter paper prior to freezing. It has been demonstrated that this preparation compensates for the image shift that causes beam-induced specimen charging, and therefore dramatically increases the yield of good images obtained at high-tilt angles [17] . Besides its ability to compensate for the image shift, 2D crystals placed between two carbon films are expected to be better preserved in a hydrated state compared with standard single carbon support film preparations [11] .
In this paper, using 2D crystals of gastric H + , K + -ATPase, we demonstrate that the carbon sandwich preparation better maintains the inherent crystal quality in cryo-specimens than a single carbon preparation. Together with its strong compensation effect against image shift due to specimen charging, which is particularly critical when imaging tilted specimens [17] , the carbon sandwich preparation technique allows the extraction of high-quality structural information from preserved 2D crystals, thereby enhancing data collection for 3D reconstruction.
Materials and methods

Materials
Continuous carbon support films were prepared by depositing carbon on a freshly cleaved mica surface [2] and transferring to molybdenum grids as described by Gyobu et al. [17] . Pig gastric H + ,K + -ATPase was purified and used for 2D crystallization as described previously [18] . 
Two-dimensional crystallization
Specimen preparations
Samples were negatively stained with 2% (w/v) uranyl acetate to screen for crystallization conditions.
The carbon sandwich preparation was performed as described by Gyobu et al. [17] , with some modifications. A small ( 3 × 3 mm) piece of solid carbon film was floated on dialysis buffer containing 7% (w/ v) trehalose and picked up with a molybdenum grid. The side of the grid without the carbon film was carefully wiped using the middle part of a pipette tip to remove excess carbon film from the grid edge. A H + , K + -ATPase 2D crystal solution (2 μl) was injected on the same side of the grid and mixed on the grid. After removal of excess crystal solution, a second piece of carbon film of 2 × 2 mm floated on the same dialysis buffer was picked up with a platinum loop and deposited on the side of the grid without carbon film. Excess liquid was carefully blotted away using pieces of filter paper. The first few pieces of filter paper were placed against the grid edge for more than 20 s to ensure that the liquid was continuously removed from the grid. The blotting step is especially important for optimizing the vitrified ice thickness, which usually takes a total of 5-10 min for highly viscous samples, such as those with glycerol-containing buffer. After removal of excess liquid, the grid was frozen by plunging it into liquid nitrogen. All steps were performed at 4°C.
For single carbon film preparations, a small ( 3 mm 2 ) piece of carbon film was floated on dialysis buffer containing 7% (w/v) trehalose and picked up with a molybdenum grid. The solution containing H + , K + -ATPase 2D crystals (2 μl) was injected on the side of the grid opposite the carbon film and mixed well by pipetting. After removal of excess buffer, the grid was blotted 1 or 2 times with filter paper with each blotting taking 1-5 s, and then dehydrated for 10-30 s depending on the environment, followed by plunge freezing into liquid nitrogen. Optimization of the vitrified ice thickness can be achieved by changing the trehalose concentration, as well as blotting and dehydration times. All steps were performed at 4°C.
Electron microscopy and image analysis
Negatively stained specimens were imaged using a JEM-1010 transmission electron microscope (JEOL) operated at 100 kV. For cryo-electron microscopy, the images were recorded with a JEM-3000SFF electron microscope (JEOL) equipped with a field emission gun and a super-fluid helium stage [21] and operated at 300 kV. Images were recorded on SO-163 film (Carestream) at a nominal magnification of 40 000× with a 2-s exposure and a total electron dose of 25 electrons Å −2
. The micrographs were developed for 14 min at 20°C using a full-strength Kodak D19 developer. The quality of the images was assessed by optical diffraction, and selected images were digitized with a SCAI scanner (Zeiss) using a step size of 7 μm. The digitized images were processed with the MRC image-processing programs [22] . The crystal lattices were computationally unbent and corrected for the contrast transfer function (CTF) [6] . Initial CTF parameters for each image were determined by square frequency filtering [23] combined with periodogram averaging [24] .
The information of several independent crystals can be extracted from multiple regions in a single film image for the following reasons. Micrographs of tubular or vesicular crystals of H + , K + -ATPase contained at least two independent crystalline lattices due to their morphology. Each crystalline layer was imperfect, usually containing a certain degree of defects (i.e. mosaic crystal). Therefore, the number of micrographs rather than the number of individually processed crystalline lattices is shown in Table 1 to allow consistent and quantitative comparisons of the population of successfully preserved crystals in each sample. (Fig. 1g) . Single-crystalline sheets consist of twomembrane layers, and the proteins in the twomembrane layers are related to each other by a two-fold screw axis, resulting in a p22 1 2 1 symmetry. Thus, the crystal ideally forms planar crystalline arrays like the single-layered sheet crystals found in the E2AlF conformation ( Fig. 1a and b ). For tubular crystals ( Fig. 1c and e) , however, they are too thick to apply a helical symmetry like the thin tubular crystals of acetylcholine receptors [30] . Thus, as is the case for vesicular crystals, tubular crystals are analyzed as two overlapping layers of crystalline sheets ( Fig. 1d and f ) . Owing to its characteristic crystal packing, all of the inter-molecular contacts in the H + , K + -ATPase 2D crystals can be found at the cytoplasmic portions of the molecules (Fig. 1g) , in marked contrast to relatively hydrophobic membrane proteins such as bacteriorhodopsin or aquaporins. Therefore, 2D crystals of H + ,K + -ATPase are expected to be more susceptible to dehydration than those hydrophobic proteins.
Results and discussion
Carbon sandwich preparation effectively preserves crystal quality
Trehalose-embedding has been applied for the successful structural analysis of several membrane proteins by preserving 2D crystals in the hydrated state [11] . When we applied standard single carbon support film preparations for apparently flat sheet crystals made of decylmaltoside-solubilized H + , K + -ATPase in the presence of AlF adopting a E2AlF conformation (Fig. 1a) , most of the crystals were obviously broken (Fig. 2a ) and poorly ordered, as evaluated in the optical diffraction. Exceptions were observed at the edge of the grid well (indicated by the asterisk in Fig. 2b ), in which remaining embedding buffer provides relatively thicker vitrified ice than that in the center of the grid well (Fig. 2a ). In such a wet environment, some of the crystals were preserved and diffraction spots reach Table shows numbers of 'micrographs' used for the structural determination of the indicated conformation of H + ,K + -ATPase (see Materials and Methods for details). Numbers of micrographs obtained (fourth rows), selected for scanning (third rows), processed by MRC program (second rows) and finally merged into a 3D structure (first rows) are indicated. Because all of the tilted images were affected by the image-shift due to specimen charging in the case of the single carbon preparation of the E2AlF crystals, micrographs with recognizable diffraction spots in the direction parallel to the tilt axis (as shown in Fig. 4d ) were selected (a). resolution ( Fig. 2d) in its calculated Fourier components (IQ-plot) [6] .
Using the same batch of 2D sheet crystals of E2AlF H + ,K + -ATPase, the qualities of non-tilted images prepared by the carbon sandwich technique (Fig. 2c) were compared with those supported by a single carbon film. Non-tilted images from the carbon sandwich preparation can reach up to 7 Å of resolution ( Fig. 2e) , while those from single carbon preparations are limited to a resolution of 10 Å (Fig. 2d) . The effect of the beam-induced image shift is excluded in this case because an isotropic Thon ring is clearly visible in the calculated Fourier transformation of both preparations under non-tilted conditions. Therefore, the remarkable difference in resolution is due to preservation of the 2D crystal quality during specimen preparation on the EM grid (Fig. 3) . In carbon sandwich preparations, the crystals are sandwiched between two carbon films and are thus likely protected from rapid dehydration (Fig. 3b) , while in single carbon preparations, the upper surface is in direct contact with the air atmosphere, and water is easily evaporated causing excess dehydration as well as associated changes in the embedding buffer such as variable salt concentrations (Fig. 3a) .
The H + ,K + -ATPase molecules are interconnected at their hydrophilic part to form crystals in the 2D crystallization process (Fig. 1g) . Thus, excess dehydration and/or concentration changes of the reagents in the embedding buffer may destroy both the interand intra-molecular interactions, leading to deterioration of the inherent crystal quality and even the original protein structure itself. In fact, a change in pH and/or salt concentration in the embedding buffer caused by washing 2D crystals on the grid induced disorder of the crystals within several seconds, as determined by negatively stained samples (data not shown). In the carbon sandwich preparations, the water layer on the EM-grid becomes thinner for a longer time by continuous blotting and spontaneous evaporation at the edge of the covered piece of carbon film (Fig. 3b) . Because Most of the crystals embedded in the thin ice are dehydrated in the single carbon preparation (a), while preserved crystals can be found in the thicker ice area at the edge of the grid well (*: dark area) in some cases (b). In the carbon sandwich preparation, preserved 2D crystals are distributed evenly over the grid well (c). White arrows indicate the position used for focusing the image, and black arrows indicate crinkling of the carbon membrane, which usually occurs in carbon sandwich preparations. Because all images herein were obtained using a low-dose defocused diffraction mode, the mean diameter of 2 μm for sheet crystals is used for approximate scaling. such events may induce spontaneous water flow toward the blotting position (indicated by the dotted arrow in Fig. 3b ), free diffusion of the concentrated reagent from this position should be suppressed. Therefore, while salt concentration is increased around the blotting position (indicated as the dark blue region at the edge of the specimen in Fig. 3b) , the salt concentration of the solution in most of the other areas, which contain many crystals (light blue region in Fig. 3b) , is presumed to be less variable. Compared with the single carbon preparation, the carbon sandwich preparation protects the 2D crystals from environmental changes such as dehydration as well as salt concentration variability, and thus structural information can be extracted with its full potential for electron crystallography.
Compensation effect of carbon sandwich preparation against beam-induced image shift
Image shift due to beam-induced specimen charging causes diffraction spots perpendicular to the tilted axis to disappear in the Fourier transforms of images, even at medium or low resolution, as shown in Fig. 4d . The efficiency of isotropic data collection Fig. 3 . Cartoons depicting the cross section of the specimen prepared by single carbon support film (a) and that by carbon sandwich technique (b). Black lines indicate carbon support films, gray boxes indicate the molybdenum grid and light blue indicates the embedding buffer. As water evaporated (tan wavy arrows) from the surface of the specimen (a), most of the crystals were broken by dehydration (grey dotted line). Preserved crystals (green dotted line) were always observed in the thick ice at the edge of the grid (Fig. 2b) , while the resolution is limited (Fig. 2d) due to the increased concentration of the embedding buffer by dehydration (dark blue). In contrast, water evaporation occurred only at the blotting position where the upper carbon membrane was partially broken by filter paper in the carbon-sandwiched specimen (b). Thus, the concentration change of the embedding buffer was limited around 2D crystals sandwiched between two carbon films (Fig. 2c) , while the salt concentration was increased at the blotting position (b). Removal of excess water by blotting or evaporation induced spontaneous water flow (dotted arrow), which may prevent free diffusion of concentrated reagents to the central area of the grid. Therefore, the microenvironment of the 2D crystals embedded in the thin water layer seems to remain constant during preparation, and thus the inherent crystal qualities are preserved in the carbon sandwich preparations (Fig. 2e) . For interpretation of colour in this figure, the reader is referred to the web version of this article. without deterioration of images of the tilted specimen is, therefore, another key requirement for determination of the 3D structure with a reduced missing cone effect. In the case of H + ,K + -ATPase 2D crystals, the image shift severely affects the crystal images obtained from single carbon preparations, presumably because this molecule forms thicker 2D crystals, which accumulate more charge than thinner ones. It is notable that more than 20% of micrographs are affected by image shift, even those of non-tilted specimens, and no micrographs without an image shift have ever been obtained from tilted specimens prepared by a single carbon support film (Table 1 ). In contrast, although the success ratio for collecting images of bacteriorhodopsin 2D crystals was not very high, the quality of 2% of the images was high, even those obtained at a 60°tilt. Because of the hydrophilic molecular packing in H + ,K + -ATPase crystals, preserved crystals are always embedded in relatively thick vitrified ice, which can usually be found at the edge of the molybdenium grid well in single carbon preparations (Figs. 2b and 3a) , such a thick specimen area more easily accumulates charges that deflect the electron beam and cause an image shift [17] . More importantly, ice thickness, which is steeply variable at the edge of the specimen as seen in Figs. 2b and 3a, accumulates charge unevenly, resulting in a more serious deflection of the beam. This is another reason why more than 20% of micrographs of H + ,K + -ATPase crystals are affected by an image shift even in non-tilted specimen conditions, while all images of bacteriorhodopsin crystals in the non-tilted condition provided isotropic data in their Fourier transforms. Consistent with a previous study of aquaporin-4 crystals [17] , the carbon sandwich preparation dramatically improved the efficiency of data collection even from samples susceptible to beam-induced image shift (Fig. 4) . While the success rate depended on the specimen thickness as well as the surrounding conditions of the specimen, including the objectivelens aperture, fewer than 10% of images were affected by beam-induced image shift for a 20°tilted specimen and fewer than 30-40% of images were affected by a beam-induced image shift for a greater than 45°tilted specimen (Fig. 4a-c) . Isotropic data can be successfully collected even from 70°tilted carbon-sandwiched specimens (Fig. 4c) , while, even at 20°tilted specimen, diffraction spots and a Thon ring perpendicular to the tilt axis disappeared in the Fourier transform of the crystal image produced by a single carbon preparation (Fig. 4d) .
Efficiency of data collection achieved with the carbon sandwich technique
Statistics of the data collection for the structural analysis of H + ,K + -ATPase in different conformations as well as by two specimen preparation techniques in the E2AlF state are summarized in Table 1 . Qualities of all of the micrographs obtained (fourth rows) were assessed by optical diffraction, and selected images were digitized (third rows). In this step, except for single carbon prepared samples, micrographs with poorly ordered crystals and/or beam-induced image shift were excluded (58% of total micrographs). Selected micrographs (42% of total micrographs) were then processed using the MRC image processing program and selected manually based on the amplitudes of IQ plots (second rows). The acceptable images (27% of total micrographs) were further selected by phase residual cut-off, and finally 15% of the total micrographs obtained were merged into the 3D structure factor (first rows). These results markedly contrast with the statistics of the single carbon preparation, by which no structure could be analyzed regardless of how many images were obtained (1213 images).
Statistics of the success rate for merging (i.e. number of micrographs merged/total) are summarized in Fig. 5 . To obtain a reliable structure, analyzed data were carefully selected according to their phase residuals and amplitude IQ values, as indicated above. Because strict criteria for the selection were set, especially for 0°and 20°tilted data, the success rate in these lower tilt angles was limited, except for a 20°tilt of (SCH)E2BeF, compared with those having high-tilt angles. There was an exceptionally high success rate in the 20°tilted (SCH) E2BeF crystal (48% of total micrographs obtained were merged into the 3D structure factor), in marked contrast to the success rate of other 20°tilted data (6-16%). The reason for this is that all of the micrographs were obtained from only two successfully prepared grids. As seen in this example, and also the inconsistent success rates among other preparations, there was a large variety in the degree of preservation among carbon sandwich-prepared specimens. On the other hand, the (K + )E2AlF crystal had the lowest success rate among all the crystal samples (8% in average of all tilted angles), which cannot be explained by the variation in specimen preparation alone. Thus, the low efficiency in the (K + )E2AlF statistics is most likely due to the inherent quality of the crystals as well as their stability during specimen preparation. For H + ,K + -ATPase samples, successfully or poorly preserved crystals are hardly distinguishable based on their morphology alone in the low-dose search mode, and data collection still relies on trial-and-error due to the large variation in crystal preservation. The average success rate of 15% is the mean of the values of 30 and 0%, rather than an even distribution of 15% preserved crystals. This indicates that further improvement in the reproducibility of crystal preservation is needed for efficient data collection.
Concluding remarks
In this study, we show that the carbon sandwich preparation technique contributes to preservation of the inherent crystal quality. Preservation of the hydrated environment of 2D crystals made of membrane proteins with large hydrophilic domains achieved by the carbon sandwich preparation dramatically improves the resolution compared with single carbon support film preparation. We also provide updated statistics for the data collection required to determine previously published structures that were based on samples extremely susceptible to beam-induced image shift.
Further improvement in the carbon sandwich preparation with highly reproducible preservation of 2D crystals is desired for more efficient data collection, which is indispensable for high-resolution structural analysis of fragile membrane proteins by electron crystallography. 
